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Introduction
Neuronal activity in the central nervous system associates with a rise in the extracellular concentration of K
. To prevent widespread neuronal membrane depolarization and associated disruption of synaptic function, it is paramount that K + is swiftly cleared from the extracellular space (ECS). The neighbouring astrocytes act as K + sinks during neuronal activity and take up a portion of the neuronally-released K + , predominantly via the glia-specific K + -sensitive α2β2 isoform combination of the Na + /K + -ATPase, which is kinetically geared to respond to increased [K + ] o and the associated membrane depolarization D'Ambrosio et al. 2002; Stoica et al. 2017) . Following termination of neuronal activity, K + exits the astrocytic compartment and re-enters the neurons, presumably via the action of the neuronal α3 Na + /K + -ATPase isoform (Coles & Schneider-Picard, 1989; Ransom et al. 2000; Larsen et al. 2016b ). In the wake of neuronal stimulation, some studies report a transient undershoot of [K + ] o Chever et al. 2010) , although this is not detected in other studies (Karwoski et al. 1989; D'Ambrosio et al. 2002; Meeks & Mennerick, 2007; Haj-Yasein et al. 2011; Larsen et al. 2016a) . This undershoot may be driven by activity of the [Na + ] i -sensitive neuronal α3 Na + /K + -ATPase . The ECS shrinks during the K + transient, presumably as a result of astrocytic swelling (Dietzel et al. 1980; Connors et al. 1982; Ransom et al. 1985) . Because K + transients and ECS shrinkage occur in parallel in mature tissue, ECS shrinkage was presumed to be directly coupled to the astrocytic K + and/or glutamate uptake (Schneider et al. 1992; Koyama et al. 2000; Kofuji & Newman, 2004; Nagelhus et al. 2004; Pál et al. 2013) . However, none of the proposed K + -uptake mechanisms (the Na + /K + -ATPase, the Na + /K + /2Cl − cotransporter 1 (NKCC1) or the K + channel Kir4.1) appeared to be required for activity-evoked ECS shrinkage (Haj-Yasein et al. 2011; , and neither were the astrocytic aquaporin 4 (Haj-Yasein et al. 2012) or the glutamate transporters ). During neuronal activity, H + (pH) fluctuates, leading to a fast extracellular alkaline pH shift (Chen & Chesler, 1992; Voipio & Kaila, 1993; Syková, 1997; Makani & Chesler, 2010) . With prolonged tetanic stimulation, the transient alkalization is followed by an acidosis after termination of neuronal activity, which is absent at lower firing rates (Makani & Chesler, 2007) . The nature of the pH transients led us to identify pH-regulating transporters, mainly the electrogenic Na + /bicarbonate cotransporter 1 (NBCe1) and the monocarboxylate transporters (MCTs), acting as mechanisms underlying a portion of the activity-evoked ECS shrinkage in rat hippocampal slices . The NBCe1 is activated by the K + -mediated cellular depolarization and the alkaline pH transient (Theparambil et al. 2014; , whereas MCT is predicted to be activated by the K + -mediated increase in metabolism (Wender et al. 2000; Choi et al. 2012; Brown & Ransom, 2015; Waitt et al. 2017) . These findings suggest that K + clearance, pH changes and ECS shrinkage are linked but not directly coupled.
The homeostatic management of extracellular K + appears to mature with development in the rat optic nerve and hippocampus: In the adult tissue, the stimulus-induced [K + ] o transient remains within the K + ceiling level of ß12-15 mM, which is exceeded in the immature animal (in which K + transients up to 20 mM can be detected) (Connors et al. 1982; Ransom et al. 1985; Nixdorf-Bergweiler et al. 1994) . Notably, in the young immature optic nerve of the rat [postnatal day (P)1-P2], the activity-evoked K + transient fails to associate with ECS shrinkage, which only becomes apparent as the rat matures (P8) and complete at P20-P21 (Connors et al. 1982; Ransom et al. 1985) . This pattern is paralleled for [K + ] o regulation in the spinal cord of young rats compared to their more mature counterparts (Jendelová & Syková, 1991) . This developmental regulation of [K + ] o management and ECS shrinkage appears to coincide with the proliferation, maturation and organization of glial cells (Ransom et al. 1985; Nixdorf-Bergweiler et al. 1994) , with further morphological changes taking place during the fourth postnatal week (Nixdorf-Bergweiler et al. 1994) . Taken together with the K + -mediated cell swelling observed in enucleated rat optic nerve (MacVicar et al. 2002) , these observations support the notion of glia cells comprising the cellular structures responsible for K + uptake and ECS shrinkage (Ransom et al. 1985) . Analogous to the developmental profile of the activity-evoked K + and ECS transients, a shift in the H + /pH transient was detected in the rat spinal cord from P3 to adult animals (Jendelová & Syková, 1991; Syková, 1997) . However, the developmental profile of these ECS dynamics, and hence maturation of synaptic functionality, remains unresolved in grey matter tissue.
To determine the developmental maturation of K + management, ECS shrinkage and pH transients and their interaction in a grey matter tissue, we employed electric stimulation of acute slices of rat hippocampus and ion-sensitive microelectrodes to monitor the activity-evoked ECS dynamics. Although the peak [K + ] o , ECS, and pH as a function of age correlated differentially with neuronal activity, restoration of extracellular [K + ] o became swifter with age, following elevated expression of the α isoforms of the Na + /K + -ATPase. The developmental profile of the K + transients was paralleled by fast return of ECS shrinkage but a slower normalization of the alkaline transient. In the more mature animals, the three different ECS dynamics approached a similar temporal pattern.
Methods

Ethical approval
The experiments were performed in accordance with the guidelines of the Danish Veterinary and Food Administration (Ministry of Environment and Food) and were approved by the animal facility at the Faculty of Health and Medical Sciences, University of Copenhagen. The animal experiments conform to the principles and regulations described in Grundy (2015) . Experiments were performed on male and female rats (Sprague-Dawley, Janvier Labs, France) at P3-P28, housed in the animal facility at the Faculty of Health and Medical Sciences, University of Copenhagen with free access to food and water. Rats older than P11 were anaesthetized using gaseous 2-bromo-2-chloro-1, 1,1-trifluoroethane (halothane) (B-4388; Sigma-Aldrich, Hamburg, Germany) prior to decapitation. In total, 47 animals were used for electrophysiology experiments and 20 animals for hippocampal tissue collection.
Brain slices and solutions
Following decapitation, the brain was quickly removed and placed into ice-cold cutting solution containing (in mM): 87 NaCl, 70 sucrose, 2.5 KCl, 0.5 CaCl 2 , 25 NaHCO 3 , 1.1 NaH 2 PO 4 , 7 MgCl 2 and 25 D-glucose, equilibrated with gaseous 95% O 2 , 5% CO 2 . Oblique sagittal (transverse) hippocampal slices (400 μm) were cut with a Campden Vibrating Microtome (7000SMZ-2; Campden Instruments, Loughborough, UK). Slices were transferred to the standard artificial cerebrospinal fluid solution containing (in mM): 124 NaCl, 3 KCl, 2 CaCl 2 , 25 NaHCO 3 , 1.1 NaH 2 PO 4 , 2 MgCl 2 and 10 D-glucose, equilibrated with 95% O 2, 5% CO 2 (pH 7.4 at the experimental temperature of 33-34°C) and left to recover at 34°C for 30 min, and then maintained at room temperature.
Ion-sensitive microelectrodes and electrophysiological recordings in slices
Electrophysiological recordings were carried out in a submerged-type recording chamber (Brain Slice Chamber 1, Scientific Systems Design; Digitimer Ltd, Welwyn Garden City, UK) at an experimental temperature of 33-34°C and a continuous superfusion at a flow rate of 2.2 mL min -1 . Recordings were performed within stratum radiatum of the CA1 region. High-frequency stimulation was delivered by a concentric bipolar tungsten electrode (TM33CCNON; World Precision Instruments, Hitchin, UK) inserted into the stratum radiatum in the vicinity (ࣘ300 μm) of the recording site. Stimulation trains (22 V at 20 Hz, each pulse of a duration of 80 μs, for 3 s) were delivered to the slice to activate the Schaffer collaterals. The resulting extracellular field potentials were recorded with thin-walled filamented glass capillary microelectrodes (GC150TF-7.5; Harvard Apparatus, Holliston, MA, USA) pulled to resistances of 15-25 M when filled with the standard solution (see above). This electrode served as a reference signal for the ion-sensitive microelectrodes. Ion-sensitive microelectrodes were prepared from thin-walled non-filamented glass capillaries (GC150T-7.5; Harvard Apparatus) pulled to obtain a tip diameter in the range of 1-2 μm . The capillaries were then silanized internally with gaseous N,N-dimethyltrimethylsilylamine (catalgue no. 41716; Sigma-Aldrich) and baked at 190°C for 20 min prior to being backfilled. The electrodes were backfilled with a solution depending on the type of measurement, containing either 150 mM tetramethylammonium (TMA + ) chloride (for extracellular space volume measurements), 150 mM NaCl and 3 mM KCl (for extracellular K + measurements), or 150 mM NaCl, 20 mM Hepes and 10 mM NaOH (for extracellular pH/H + measurements). quartenary ions, such as TMA + ; however, in the absence of such ions, it becomes selective to K + ions and can therefore be used for both measurements depending on the backfilling solution.
The tips of the ion-sensitive electrode and the reference electrode were placed within a few microns at the exact same depth in the core of the slice. Close distance was ensured via Sensapex micromanipulators (SMX series; Sensapex, Oulu, Finland), which provide precise (μm) x, y, z co-ordinates, by placing the electrode tips closely together above the slice and afterwards moving into the tissue maintaining this narrow distance aided by the x, y, z co-ordinates. The ion-sensitive signal and the field potential signal were both recorded via an ION-01M amplifier and headstage (NPI Electronic, Tamm, Germany). Online deduction of the field potential signal from that of the ion-sensitive electrode provided the traces employed for analysis. Recordings in slices were terminated and the data discarded if deviations (more than ß15%, tested at >2 points along the recordings) in the original resistance of the ion-sensitive electrode were detected (indicating, for example, a change in tip-diameter or alterations in the tip liquid membrane column). All recorded signals were filtered at 250 Hz, sampled at 500 Hz and stored for off-line analysis with WinEDR (courtesy of Dr John Dempster, University of Strathclyde, Glasgow, UK) and Prism, version 7.0 (GraphPad Software Inc., La Jolla, CA, USA). At the end of the experiment, each ion-sensitive microelectrode was thoroughly calibrated to translate the signal in mV to either the percentage volume change, the K + concentration or pH; a detailed description is provided in Voipio et al. (1994) . In brief, the conversion to concentration of the appropriate ion relies on finding the 'slope' (S) of the electrode response.
where V is the response in mV and 'test solution' refers to the applied calibration solutions in mM of the appropriate ion. For an ideal electrode, S should approach Nernstian conditions. To calculate the relative percentage change in ECS shrinkage, the following approach was utilized. Data were offset to reach a baseline of 0 mV and this equation used with X representing the recording in mV:
Notably, the employed experimental approach provides the relative ECS shrinkage but gives no information about the actual size of the ECS. For absolute values of the extracellular space fraction (α), the method developed by Nicholson & Phillips (1981) and Nicholson & Syková (1998) is required.
Tissue lysis, western blotting and semi-quantitative analysis
The hippocampi of rats aged P3-P22 were lysed in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% Na deoxycholate, 0.1% SDS, 5 mM EDTA, 50 mM Tris, pH 8) supplemented with 0.4 mM Pefabloc and 8 μM Leupeptin (both from Sigma-Aldrich) by sonication with a Sonoplus mini20 (Bandelin Electronic, Berlin, Germany). The total protein concentration was determined using the Bio-Rad DC Protein Assay (Bio-Rad, Hercules, CA, USA). The proteins were separated by SDS-PAGE on 4-20% polyacrylamide gels (TGX Gels; Bio-Rad) and electro-transferred on Immobilon-FL polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). The expression of Na + /K + -ATPase isoforms was analysed using the antibodies: mouse anti-α1 a6F (dilution 1:60; DSHB, Iowa City, IA, USA); rabbit anti-α2 07-674 (dilution 1:500; Millipore); mouse anti-α3 XVIF9-G10 (dilution 1:1000; Thermo Fisher, Waltham, MA, USA); chicken anti-GAPDH AB2302 (dilution 1:1000; Millipore); mouse anti-β tubulin MAB3408 (dilution 1:10,000; Millipore); and mouse anti-polyhistidine ab18184 (dilution 1:500; Abcam, Cambridge, UK) diluted in Odyssey blocking buffer: PBS-T 1:1 (Li-Cor, Lincoln, NE, USA). Following detection using fluorophore-conjugated secondary antibodies (Li-Cor), the membranes were scanned on an Odyssey CLx imaging system and band intensities were quantified using Image Studio software (Li-Cor). GAPDH and β tubulin were used as internal standards. The specificity of antibodies targeting the α subunit isoforms of the Na + /K + -ATPase was demonstrated previously upon expression of the three isoforms in Xenopus laevis oocytes followed by tests of cross-reactivity (Stoica et al. 2017) . For the semi-quantitative analysis of Na + /K + -ATPase isoforms, polyhistidine-tagged versions of Na + /K + -ATPase isoforms α1, α2 and α3 expressed in X. laevis oocytes were used as standards for normalization as described previously (Stoica et al. 2017) .
Statistical analysis
All data are reported as the mean ± SEM. Decay constants were obtained with the equation:
where Y 0 is the Y value at the point where the time, X, is zero; K is the decay constant (in s −1 ); and plateau denotes the Y value at 'infinite' time. The time constant τ can be calculated as the reciprocal of K, and the half-life λ as ln(2)/K. The calculation was performed using Prism, version 7.0 (GraphPad Software Inc.) and analysed from the maximal peak (even when this occurred later than at stimulus end). Statistical significance was tested with Student's t test or one-way ANOVA with Tukey's or Dunnett's multiple comparison post hoc test, as indicated. P < 0.05 was considered statistically significant. The number of experiments (n) signifies individual brain slices and is noted as appropriate, as is the number of animals from which these slices have been obtained in the figure legends.
Results
Optimal management of activity-evoked K
+ transients occurs during development
To evaluate the developmental maturation of regulation and control of K + dynamics associated with neuronal activity in an approximated native setting in the mammalian brain, we employed acute hippocampal slices from rats at different age groups, P3-P4, P7-P8, P10-P11, P13-P14 and P21-P28 (with the latter considered as adolescents). Activity-evoked K + transients were induced by electrical stimulation of the CA1 Schaffer collaterals (20 Hz, 3 s, as indicated by a black bar above the traces in all figures) and recorded with K + -sensitive microelectrodes. Figure 1A -E illustrates representative K + traces and field potentials (inserts) obtained from the different age groups. The peak [K + ] o at the end of the stimulation period was not significantly different amongst the age groups (for summarized data, see Fig. 1F , n = 6-9 per age group). Although the [K + ] o in the younger age groups (P3-P4) appeared to peak at a time point later than stimulus end, quantification of this delayed maximum [K + ] o revealed no significant difference from the peak [K + ] o at stimulus end (Fig. 1F, insert) . However, the younger age groups (P3-P4, P7-P8 and P10-P11) had smaller field potential amplitudes than the adolescent age group (n = 6-9, P < 0.001) (Fig. 1G) . Normalization of the peak [K + ] o (at the stimulus end) to the field potential amplitude (in mV) illustrated that the K + transients at a given neuronal activity were significantly increased in the young age groups (P3-P4) compared to the adolescent age group (n = 6-9, P < 0.001) (Fig 1H) . The delayed peak was not significantly different from the peak at stimulus end, when quantified relative to the field potential (Fig. 1H, insert) . To reveal age-dependent differences in the post-stimulus K + clearance kinetics, we normalized the K + transients to the value at the end of the stimulation (Fig. 1I) , revealing the distinct shape of the K + transients in each age group. To cement this observation, we quantified the decay constant of the K + transient for each individual experiment (from the point of maximal K + concentration; for an example of decay phase fit in a slice from a P21 rat, see Fig. 1J ; for summarized data on the decay constants, see Fig. 1K ). It was evident that the return to baseline occurred slower in the younger age groups than in the more mature rats (n = 6-9, P < 0.001). These results illustrate that the peak [K + ] o does not display age-related correlation with neuronal activity (in mV) and that the K + clearance machinery becomes more efficient with maturation, both with regard to the peak [K + ] o /mV and the return to baseline value. To determine whether the age-dependent increase in homeostatic control of K + correlated with expression of the Na + /K + -ATPase, we semi-quantified the expression level of the different α subunit isoforms of the Na + /K + -ATPase in hippocampal tissue from the different age groups by western blotting. The expression of all three isoforms increased stepwise with age ( Fig. 2A-C) . This standard western blot approach provides no insight into the relative expression level of each isoform because distinct antibody efficiency prevents inter-antibody comparisons. To gain novel insight into the relative protein expression of the different Na + /K + -ATPase isoforms, we utilized a polyhistidine-tag-based semi-quantitative approach (Stoica et al. 2017) to compare the expression of α3 with that of α1 and α2. This approach relies on expression of polyhistidine-tagged Na + /K + -ATPase in Xenopus oocytes followed by parallel immunoblotting of the membrane fractions with an anti-polyhistidine antibody (Fig. 2D ) and a specific α antibody (Fig. 2E-G) . The ratio of these signals provided an efficiency factor for each antibody, which was subsequently employed to normalize the band intensities obtained in western blots of hippocampal tissue from the adolescent rats (P21+) (Fig. 2E-G) . Semi-quantification of the different Na + /K + -ATPase isoforms in the adolescent rat hippocampus in this manner provided a ratio of α3 to α2 protein abundance of 6.3 ± 0.9 (Fig. 2H) and of α3 to α1 protein abundance of 20.8 ± 1.6 (Fig. 2I) (n = 4 of each). These results demonstrate that all three isoforms of the Na + /K + -ATPase are developmentally upregulated and that the neuronal α3 isoform is the dominant Na + /K + -ATPase in hippocampus of adolescent rats.
Activity-evoked extracellular space shrinkage is present in all age groups and correlate with neuronal activity
To quantify the activity-evoked ECS shrinkage in the different age groups, we employed TMA + -sensitive microelectrodes. These monitor the extracellular concentration of the membrane-impermeable TMA + (bath-applied), which increases with activity-evoked ECS shrinkage and represents a robust read-out of percentage change of ECS. Electrical stimulation of the Schaffer collaterals (as in Fig. 1 ) led to a transient ECS shrinkage. Figure 3A -E J Physiol 597.2 Figure 1 . Development of K + regulation in rats Ion-sensitive microelectrodes were utilized to record the extracellular K + concentration, and the corresponding field potential, in electrically stimulated hippocampal slices from rats of various age groups. A-E, representative traces of stimulus-evoked changes in [K + ] o for the different age groups tested; P3-P4 (A), P7-P8 (B), P10-P11 (C), P13-P14 (D) and P21+ (E), with representative field potentials as inserts. F, summarized data of the peak amplitude at the end of stimulation for the respective age groups (in mM) P3-P4: 5.1 ± 1.7; P7-P8: 3.8 ± 0.4; P10-P11: 5.3 ± 1.5; P13-P14: 5.8 ± 1.6; P21+: 5.3 ± 0.5. Insert: peak amplitude of P3-P4 at stimulus end and at the time of the maximal amplitude (9.3 ± 4.1 mM). G, summarized data of the amplitude of the field potential for the different age groups (in mV) P3-P4: 0.23 ± 0.05; P7-P8: 0.29 ± 0.04; P10-P11: 0.58 ± 0.09; P13-P14: 0.93 ± 0.14; P21+: 1.4 ± 0.20. H, peak [K + ] o amplitude at stimulus end was normalized to the corresponding field potential in each experiment and summarized (in mM/mV) P3-P4: 27.0 ± 8.6; P7-P8: 15.4 ± 1.7; P10-P11: 7.0 ± 1.5; P13-P14: 6.6 ± 1.6; P21+: 5.1 ± 0.80. Insert includes the maximal peak amplitude of P3-P4 normalized to the field potential (34.3 ± 7.8 mM/mV). I, single individual recordings were normalized to the K + amplitude at the end of stimulus and illustrated as the average (full line) and standard errors (dashed lines) within the age group allowing for direct comparison of their shape. J, representative example of fitting the return to baseline using a one-phase decay equation (black line) on a K + recording (red) from a P21 rat. K, comparison of the decay constant between the age groups (calculated from the individual recordings, in s −1 ): P3-P4: 0.06 ± 0.01; P7-P8: 0.07 ± 0.01; P10-P11: 0.10 ± 0.01; P13-P14: 0.19 ± 0.02; P21+: 0.41 ± 0.02. The black bar above the respective traces represents 20 Hz stimulation. The number of experiments performed: P3-P4 (n = 6 slices from six animals); P7-P8 (n = 9 slices from nine animals); P10-P11 (n = 6 slices from six animals); P13-P14 (n = 7 slices from six animals); P21+ (n = 7 slices from four animals). Statistical significance was tested with one-way ANOVA with Dunnett's multiple comparison post hoc test and the asterisks refer to significant differences to the P21+ age group or with Student's paired t test (insert in F and H). * * * P < 0.001.
illustrates representative volume traces obtained from the different age groups, with inserts of representative field potentials. The percentage ECS shrinkage measured at the end of the stimulation period was significantly smaller in the younger age groups compared to the adolescent rats (n = 5-8 per age group, P < 0.001 for P3-P4 and P7-8, P < 0.05 for P10-P11) (Fig. 3F) . The ECS in the youngest age group (P3-P4) appeared to dip at stimulus end only to subsequently continue and reach maximal peak later, the latter of which is statistically different from that obtained at stimulus end (Fig. 3F, insert) . The field potential amplitude of the young age groups (P3-P4 and P7-P8) was similarly smaller compared to the adolescent rats (n = 5-8 per age group, P < 0.001 for P3-P4 and P7-P8) (Fig. 3G) . To relate the ECS dynamics to neuronal activity, the ECS was normalized to the field potential (in mV). These data illustrate that the ECS dynamics (quantified at stimulus end) associated with a given neuronal activity are stable across ages (n = 5-8 per age group) (Fig. 3H ). In the youngest age group (P3-P4), the maximum ECS/mV (post-stimulus) was significantly larger than that obtained at stimulation end (Fig 3H, insert) . To reveal age-dependent differences in the post-stimulus ECS dynamics, the volume traces were normalized to that obtained at stimulus end (Fig. 3I) .
Quantification of the decay constant (for a representative fitting of the decay phase of a P22 rat, see Fig. 3J ) of the individual ECS transients illustrated that the extracellular space returned to baseline slower for the younger age groups (P3-P4, P < 0.05; P7-P8, P < 0.01; and P10-P11, P < 0.05) than for the adolescent (P21+) rats (Fig. 3K) . These results illustrate that the ECS dynamics become swifter with maturation and that stimulus-evoked ECS changes are small in the immature animals but the peak of the ECS transients display age-related correlation with neuronal activity (in mV).
Activity-evoked extracellular pH transients are similar in all age groups but does not correlate with neuronal activity across maturation
Our earlier finding that extracellular pH transients occur in parallel to the activity-induced K + rise and contribute to regulation of ECS shrinkage in hippocampus prompted us to determine the age-dependent pH regulation. pH o was monitored by H + -sensitive microelectrodes during electrical stimulation of the Schaffer collaterals, as described above. Neuronal activity associated with Figure 2 . Na + /K + -ATPase subunit expression Representative western blots showing the protein expression of Na + /K + -ATPase isoforms α1 (A), α2 (B) and α3 (C) across five different developmental time points of the rat hippocampus (upper). Lower: quantification and normalization of the signals to the values at age P21+. For semi-quantitative comparison of isoforms α1, α2 and α3, polyhistidine-tagged versions expressed in Xenopus oocytes were probed with an anti-polyhistidine antibody (D) and with isoform-specific antibodies (E, F and G, left lanes). The ratios of the thus detected signals were used to quantify Na + /K + -ATPase α1, α2,and α3 in P21+ rat hippocampal lysates (E, F and G). H, quantification of Na + /K + -ATPase α3 relative to α1. I, quantification of Na + /K + -ATPase α3 relative to α2 (n = 4 for all experiments). β tubulin and GAPDH was used as loading controls.
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Figure 3. Development of ECS shrinkage dynamics in rats
Ion-sensitive microelectrodes were employed to record the ECS changes (as well as the associated field potential), in electrically stimulated hippocampal slices from rats of various age groups. A-E, representative traces of stimulus-evoked changes in ECS for the different age groups tested. P3-P4 (A), P7-P8 (B), P10-P11 (C), P13-P14 (D) and P21+ (E). Inserts show representative field potentials. F, summarized data of the peak ECS change at the end of stimulation for the respective age groups (as a percentage) P3-P4: 0.65 ± 0.26; P7-P8: 2.63 ± 0.26; P10-P11: 3.63 ± 0.39; P13-P14: 4.75 ± 0.55; P21+: 5.19 ± 0.41. Insert: P3-P4 ECS changes during the stimulation ('dur', 1.04 ± 0.19%), at the end of the stimulation ('stim'), and at the maximum ('max', 2.12 ± 0.56%). G, summarized data showing the amplitude of the field potential for the respective age groups (in mV) P3-P4: 0.18 ± 0.05; P7-P8: 0.39 ± 0.06; P10-P11: 0.59 ± 0.09; P13-P14: 0.71 ± 0.10; P21+: 0.9 ± 0.09. H, ECS amplitude was normalized to the corresponding field potential in each experiment and summarized (as a percentage/mV) P3-P4: 4.22 ± 0.78; P7-P8: 5.84 ± 0.10; P10-P11: 6.46 ± 0.40; P13-P14: 7.73 ± 1.11; P21+: 5.68 ± 0.59. Insert illustrates the normalized P3-P4 ECS changes during the stimulation (7.46 ± 1.45%/mV), at the end of the stimulation, and at the maximum (16.4 ± 4.67%/mV). I, single individual recordings were normalized to the ECS change at the end of stimulus, summarized (full line, standard error illustrated as dashed line) for each age group, allowing for direct comparison of their shape. J, representative example of fitting the return to baseline using a one-phase decay equation (black line) on an ECS recording (red) from a P22 rat. K, comparison of the decay constant calculated from the maximal peak between the age groups (calculated from the individual recordings, in s −1 ): P3-P4: 0.048 ± 0.004; P7-P8: 0.047 ± 0.015; P10-P11: 0.052 ± 0.003; P13-P14: 0.069 ± 0.008; P21+: 0.087 ± 0.005. The black bar above the respective traces represents 20 Hz stimulation. The number of experiments performed: P3-P4 (n = 5 slices from five animals), P7-P8 (n = 7 slices from seven animals), P10-P11 (n = 6 slices from six animals), P13-P14 (n = 8 slices from eight animals), P21+ (n = 8 from seven animals). Statistical significance was tested with one-way ANOVA with Dunnett's multiple comparison post hoc test and the asterisks refer to significant differences to the P21+ age group (or to stimulus end inserts in F-G). * P < 0.05, * * P < 0.01, * * * P < 0.001. P3-P4 (n = 5 slices from five animals), P7-P8 (n = 6 from six animals), P10-P11 (n = 5 from five animals), P13-P14 (n = 7 from seven animals); P21+ (n = 9 from six animals). Statistical significance was tested with one-way ANOVA with Dunnett's multiple comparison post hoc test and the asterisks refer to significant differences to the P21+ age group. * P < 0.05, * * * P < 0.001.
J Physiol 597.2 a swift alkalization followed by a return to baseline and a post-stimulus acidification. Figure 4A -E illustrates representative pH traces obtained from the different age groups, alongside representative field potentials (inserts). The peak alkalization was constant across the different age groups (n = 5-9 for each age group) (Fig. 4F) . The quantification of field potential amplitude revealed smaller amplitudes in the younger age groups (P3-P4 and P7-P8, P < 0.001 and P10-P11, P < 0.05) (Fig. 4G) . To relate the alkalization to neuronal activity, the pH was normalized to the field potential (in mV). These data illustrate that the alkalization associated with a given neuronal activity is enlarged in the youngest age groups (P3-P4, P < 0.05 and P7-P8, P < 0.001) (n = 5-9) (Fig. 4H) .
To reveal age-dependent differences in the post-stimulus pH dynamics, the pH traces were normalized to that obtained at stimulus end (Fig. 5I) . The re-acidification following alkalization was swifter for the youngest age groups as determined with comparisons of decay constants (for fitting example on a P27 rat, see Fig. 4J ) (n = 5-9, P3-P4 and P7-P8, P < 0.001) (Fig. 4K) . The extracellular pH displayed a post-stimulus acidification for all age groups (Fig. 4I ), although this was less prominent in the younger age groups (P3-P4 and P7-P8, P < 0.001 and P10-P11, P < 0.05) (Fig. 4L) . The return to baseline pH occurred at a much later time point (for a representative trace from a P21+ rat, see Fig. 4I , insert, average of 280 ± 23 s after stimulus end, n = 8 for P21+). These results illustrate that, with age, the extracellular alkalization/mV is diminished and the recovery from extracellular alkalization is prolonged.
Time comparison of K + , ECS and pH transients
The three different stimulus-evoked alterations of the extracellular space (K + , ECS shrinkage, and H + /pH) occur alongside one another, triggered by the same electric stimulation that causes neuronal activity in the hippocampal slice. Although one of these (ECS) appeared to be insignificant in the young age group, the two others (K + and pH) displayed similarity across the age groups (prior to normalization to the field potential). To further determine a potential disconnect between these phenomena, we compared their time to peak (after stimulation initiation) across age groups (Fig. 5) . The alkalization peaked near the end of stimulus for all age A-E, representative comparison of the different ionic transients (K + , ECS, pH) for the different age groups. The black bar above the respective traces represents 20 Hz stimulation. F-J, summarized data of the time to reach the maximal response following the initiation of stimulation (in s). P3-P4: K + : 9.1 ± 1.2, ECS: 11.8 ± 0.8, pH: 3.0 ± 0.2; P7-P8: K + : 4.8 ± 0.6, ECS: 4.0 ± 0.9, pH: 2.6 ± 0.1; P10-P11: K + : 3.5 ± 0.5, ECS: 3.2 ± 0.3, pH: 2.0 ± 0.4; P13-P14: K + : 3.1 ± 0.1, ECS: 4.2 ± 0.7, pH: 2.5 ± 0.3; P21+: K + : 3.0 ± 0.04, ECS: 3.5 ± 0.1, pH: 3.4 ± 0.1. The number of experiments can be found in the legends of Figs 1, 3 and 5. Statistical significance was tested with one-way ANOVA with Tukey's multiple comparison post hoc test, when comparing within the age groups, and with Dunnett's multiple comparison post hoc test when comparing between the age groups for each individual ion. The asterisks above the histograms refer to significant differences to the P21+ age group (Dunnett's), while asterisks above lines indicate comparisons between the indicated bars (Tukey's). * P < 0.05, * * P < 0.01, * * * P < 0.001. groups, with a slightly swifter peak for the intermediate age groups (P10-P11, P < 0.01 and P13-14, P < 0.05) compared to the adolescent rats, whereas the K + and ECS peaked significantly later for the youngest age group (P3-P4, P < 0.001) compared to the more mature rats (n = 5-9 for each separate measurement in each age group) (Fig. 5F-J) . Although all three parameters peaked at a similar time point in the intermediate age groups (P7-P8 and P10-P11), small differences were apparent in the older age groups (P13-14; n = 7-8, P < 0.05 for ECS vs. pH and P21+; n = 7-9, P < 0.05 for K + vs. pH and for K + vs. ECS) (Fig. 5I-J) . Most noticeable, however, was the significant shift in the young rats (P3-P4) in the time to peak for the K + and ECS transients compared to that of the pH (n = 5-6, P < 0.01 for K + vs. pH and P < 0.001 for ECS vs. pH) (Fig. 5F ). These results further support the notion that, although these activity-evoked transient changes in the extracellular space all happen during neuronal activity, their coupling appears to be of an indirect nature.
Discussion
In the present study, we show that management of activity-evoked extracellular K + transients becomes fine-tuned during development. The ECS shrinkage and pH transients associated with neuronal activity occur in parallel with the K + dynamics, although these three phenomena are not directly coupled.
The K + released into the extracellular space during neuronal activity is swiftly removed (Frankenhaeuser & Hodgkin, 1956) . The neighbouring astrocytes act as temporary K + sinks primarily via the action of the Na + /K + -ATPase and, to a smaller extent, the K + channel Kir4.1 Ransom et al. 2000; Kofuji & Newman, 2004; . Electrical stimulation of Schaffer collaterals in the rat hippocampus resulted in a brief rise in [K + ] o in all tested postnatal maturation levels. The oldest age group tested in the present study was rats of P21-P28. Brain slices from rodents of this age are frequently employed for electrophysiological recordings as a result of the presumed adult-like expression of most receptors involved in neurotransmission (Catania et al. 1994; Wenzel et al. 1997 ). The stimulus-evoked peak [K + ] o transient reached a similar level across all tested age groups, although, when normalized to the field potential amplitude, the young age groups (P3-P4 and P7-P8) displayed an elevated peak [K + ] o load, in agreement with findings in the rat spinal cord (Jendelová & Syková, 1991; Syková, 1997) . Although the field potential represents neuronal activity, its amplitude will additionally be affected by ECS shrinkage, which will skew our data by a few percent. In addition, hippocampal slices from the younger age groups (P3-P10) displayed a slower return + /K + -ATPase continued in a similar fashion across the tested age groups of hippocampal tissue with no signs of saturation. Although the pattern of increased protein expression was similar for the three isoforms, a previous study showed that the mRNA transcript of α3 reached adult levels at P7, whereas, in comparison, α1 and α2 only achieved the same at P25 (Orlowski & Lingrel, 1988) . The hippocampal astrocytes predominantly express the K + -and voltage-sensitive α2β2 isoform of the Na + /K + -ATPase with a contribution from the α2β1 isoform combination, which responds to the intracellular Na + transient that occurs with the Na + -coupled glutamate re-uptake Larsen et al. 2016a; Larsen et al. 2016b; Stoica et al. 2017) . Following stimulus end, K + returns to the neurons, presumably via the neuronal α3β1/α1β1 isoforms of the Na + /K + -ATPase Larsen et al. 2016b ). Using our novel poly-his-tagged based method for semi-quantification of the different isoforms (Stoica et al. 2017 ), we revealed a higher protein expression of the neuronal α3 isoform over that of the α1 isoform (20-fold) and of the astrocytic α2 isoform (6-fold) in the rat hippocampus. These findings indicate a powerful neuronal machinery to ensure return of the released K + to the original neuronal structure (Ballanyi et al. 1984; Coles et al. 1986; Ransom et al. 2000; Mondragão et al. 2016) . Transcriptomics studies have revealed high but comparable levels of transcripts encoding the α2 and α3 isoforms in the cortex (Zhang et al. 2014) compared to that of α1, although they did not reveal the significant difference in protein abundance of the distinct Na + /K + -ATPase isoforms. In addition to the Na + /K + -ATPase, Kir4.1-mediated buffering may contribute to removal of K + from the extracellular space (Walz, 2000; Kofuji & Newman, 2004; . The developmental profile of Kir4.1 expression in hippocampus mirrors that of the Na + /K + -ATPase, with low expression levels in the first postnatal weeks (Nwaobi et al. 2014) . We therefore propose that the poor management of [K + ] o in the younger age groups is reflective of diffusion serving as a key mechanism for buffering of stimulus-evoked [K + ] o (Gardner-Medwin, 1983) .
For decades, the extracellular space shrinkage has been presumed to occur as a function of the astrocytic clearance (Kofuji & Newman, 2004; Nagelhus et al. 2004; . In the present study, we show that, although the stimulus-evoked [K + ] o arrived at similar levels across the different age groups, the associated ECS shrinkage at stimulus end was much smaller in the younger age groups (as a percentage of P21+: ß12.5 in P3-P4, ß50.7 in P7-P8 and ß69.9 in P10-P11). A similar dissociation was previously detected in the rat optic nerve, in which the ECS remained constant in tissue from young animals, despite elevated [K + ] o transients (Connors et al. 1982; Ransom et al. 1985) . Curiously, the ECS shrinkage observed in the youngest age group (and a less pronounced version in P7-P8) displayed a double peak: one prior to stimulus end and a delayed, larger, prolonged peak. The delayed peak mirrors the similarly delayed peak [K + ] o in the P3-P4 age group and may well originate from this prolonged elevation in [K + ] o and the related membrane depolarization and/or distinct subset of membrane transporters expressed at the different levels of maturation. The occurrence of stimulus-evoked ECS shrinkage came with maturation of astrocytes and oligodendrocytes, supporting a glial origin of ECS shrinkage (Ransom et al. 1985) . Upon normalization to the field potential amplitude in the rat hippocampus, the ECS shrinkage became of similar amplitude across the age groups, indicating a relation to neuronal activity (quantified as the field potential) rather than a direct function of the [K + ] o . This lack of direct [K + ] o -dependence of ECS shrinkage amplitude supports the lack of requirement for Kir4.1 and NKCC1 (Haj-Yasein et al. 2011; ) in addition to KCCs and glutamate transporters/receptors in activity-evoked ECS shrinkage. We recently demonstrated the pH-regulating cotransporters of bicarbonate and lactate (NBCe1 and MCTs), presumably via their ability to cotransport water , as molecular mechanisms underlying parts of the stimulus-evoked extracellular space shrinkage and, by extension, astrocytic cell swelling (Florence et al. 2012; . The remaining fraction of the stimulus-evoked ECS shrinkage has so far remained unexplained.
The stimulus-evoked peak alkaline transient occurring in parallel to [K + ] o and ECS dynamics was comparable across all age groups but larger in the young animals (P3-P4 and P7-P8) when normalized to field potential, in agreement with similar observations in rat spinal cord (Jendelová & Syková, 1991; Syková, 1997) . The peak alkaline transient thus appears to correlate with the peak [K + ] o rather than neuronal activity as such. Although the alkaline transient has been proposed to occur via HCO 3 − permeability in GABA A receptors and/or glutamate transporters or, alternatively, to activity of the plasma membrane Ca 2+ -ATPase (Chen & Chesler, 1992; Kaila et al. 1992; Paalasmaa et al. 1994) , the latter was recently promoted as the dominant mediator of the ECS pH transient (Makani & Chesler, 2010) . The alkaline transient was followed by a prolonged acidification, which increased with development. This acidification has been assigned to an artefact of the stimulation paradigm (Makani & Chesler, 2007) and thus may not occur in a physiological setting.
During neuronal activity, K + is released into the extracellular space as a function of Na + -dependent neuronal depolarization, the ECS alkalinizes as a function of Ca 2+ -ATPase activation, and the ECS shrinks (in part) as a function of NBCe1 activation by K + -mediated astrocyte depolarization and ECS alkalization (Theparambil et al. 2014; and MCT (presumably via the instant metabolic demand) (Wender et al. 2000; Choi et al. 2012; Theparambil et al. 2016) . Although these phenomena are all inextricably tied to neuronal activity, our data suggest that they do not couple directly. This notion is supported both by their distinct relation to field potential and by their individual time dependence. Most notable in regard to the latter, the pH transient peaked at comparable time points after stimulus initiation, whereas the peak K + transient and the peak ECS shrinkage displayed a delay in the youngest age group (P3-P4). The return to baseline of [K + ] o and ECS shrinkage became swifter with age, whereas the return of pH o became slower, thus approaching a near-identical temporal pattern in the adolescent animals (Fig. 5E ).
In conclusion, during the developmental phase, the regulation of the ECS dynamics becomes tighter. The stimulus-evoked peak [K + ] o as a function of neuronal activity is reduced and the return to baseline [K + ] o becomes swifter with maturity. However, the K + transient reached comparable peak concentrations in the ECS in all age groups, despite the fact that the steady-state ECS (α) (Nicholson & Phillips, 1981) is larger in the neocortex of young rats (P3-P4, ß40% volume fraction) than in adults (ß20% volume fraction) (Bondareff & Pysh, 1968; Lehmenkühler et al. 1993) . Accordingly, a comparable release of K + should promote a doubling of the [K + ] o in the older animals with smaller ECS. The similar peak value across the age groups may arise as a result of age-specific K + management: in the young animals with large ECS, diffusion away from the site of activity may dominate, whereas a powerful uptake machinery arises in the more mature animals with the developmental increase in expression of all three catalytic isoforms of the Na + /K + -ATPase managing the extracellular K + concentration. The activity-evoked ECS shrinkage (as a percentage) appears with developmental age. The smaller ECS in the more mature animals will, with a similar numerical change in H + /HCO 3 − and K + , yield a larger percentage change. The combination of a smaller volume fraction following maturation and the occurrence of stimulus-evoked ECS shrinkage is anticipated to enhance the biophysical effects of elevated K + and neurotransmitters, thus promoting more efficient synaptic transmission in the adult animals.
